Abstract: Reverse transcription of the viral single-stranded (+) RNA genome into double-stranded DNA is an essential step in the human immunodeficiency virus' (HIV) life-cycle. Although several viral proteins are involved in the regulation and/or efficiency of reverse transcription, the process of retroviral DNA synthesis is entirely dependent on the enzymatic activities of the retroviral reverse transcriptase enzyme (RT). Due to its crucial role in the HIV life-cycle, RT is a primary target for anti-HIV drug development. Nonetheless, drug resistance is the major problem affecting the clinical efficacy of antiretroviral agents. Incomplete pharmacological pressure represents the logical cause and not the consequence of different mutation pathways in RT associated with approved inhibitors resistance.
INTRODUCTION
Reverse transcriptase (RT) is an essential enzyme for the HIV life-cycle. In the replication cycle, RT converts viral genomic RNA into a double stranded linear DNA. It is an asymmetric heterodimer composed of a 560 amino-acid 66-kDa subunit (p66) and a 440 amino-acid 51-kDa subunit (p51). HIV-1 protease provides for the cleavage of the Cterminal RNase H domain of the p66 subunit, thus generating the p51 polypeptide. Located in the p66 subunit at spatially distinct regions, the p66/p51 HIV-1 RT heterodimer contains one DNA polymerization active site and one RNase H active site. Even if the p51 subunit presents the same amino acid sequence of p66, it is not directly involved in catalytic enzyme activities, but is pivotal for loading the p66 subunit on the template/primer [1] .
The p66 subunit consists of the fingers (residues 1-85 and 118-155), palm (residues 86-117 and 156-237), and thumb (residues 238-318) subdomains. Placed in the palm subdomain, the three aspartic acid residues Asp110, Asp185 and Asp186 define the polymerase active site. Other regions include the connection (residues 319-426) and the C-terminal *Address correspondence to this author at the Dipartimento di Scienze Farmacobiologiche, Università "Magna Graecia" di Catanzaro, Campus Universitario, Viale Europa, 88100 Catanzaro, Italy; Tel: +39 0961, 3694197; Fax +39,0961,391490; E-mail: alcaro@unicz.it RNase H domains (residues 427-560). The RNase H active site is identified by four conserved acidic amino acids (Asp443, Glu478, Asp498 and Asp549). The connection domain has the crucial role of linking the polymerase and RNase H domains, but is also implicated in nucleic acid substrate interactions and RT inter-subunit interactions. The p51 subunit contains the same polymerase and connection domains as the p66 subunit, but their folding is different from those of the p66 subunit. The p66 subunit is able to accommodate a nucleic acid template strand due to its "open" catalytically-competent conformation. On the other hand the p51 subunit shows a compact folded conformation so that the active site residues in this subunit are buried and therefore non-functional [2] . The interactions between the two subunits are mediated by their connection subdomains; other contacts between the thumb subdomain of p51 and RNase H subdomain of p66 are also relevant [3] . The RNase H domain of HIV-1 RT has been crystallized in free form, since isolation makes it inactive; the presence of p51 restores its activity, indicating that additional RT residues play a significant role in RNase function [4] .
Crystallographic studies of HIV-1 RT with duplex DNA and an RNA/DNA hybrid allowed to identify several enzymatic regions considered essential for efficient nucleic acid polymerization and hydrolysis as well as translocation step. The DNA duplex binds to the RNase H active site along a groove far away from the polymerase active site. The main contacts of the nucleic acid occur with the p66 subunit of the RT heterodimer and in the minor groove take place direct interactions with bases. There are van der Waals contacts with Pro157 and Met184 and with Ile94, and hydrogen bonds with Tyr183 [5] . The catalytic triad is placed near to the 3' terminus. The side chains of these residues are carboxyl groups able to induce the DNA nucleophilic attack during the polymerization step. The primer strand interacts with the loop between palm and thumb subdomains (Met230 and Gly231: the "primer grip"), and both strands establish contacts with residues in helices H and I. Part of the catalytic site, the YMMD motif (Tyr183-Asp186) results crucial in polymerase activity, while single substitutions at one or more of these residues are related to a drastic decrease of viral replication. Several mutagenesis studies showed that some residues of the primer grip region (residues 226-235) have a pivotal role both in catalytic activity and in heterodimer association [6] .
Although p51 subunit lacks a direct RT catalytic activity, it plays an essential role in dimer stabilization and enzyme functions. Its thumb subdomain is responsible for guaranteeing RT activities through crucial interactions with the RNAse H domain. Site-directed mutagenesis analysis confirmed such a data, showing that Asn255Asp, Asn265Asp and Cys280Ser mutations are related to an incorrect polymerization process, a reduced DNA affinity and a decreased RNase H activity, respectively [7] .
The biologically relevant form of RT is represented by the heterodimer; the monomeric subunits only show low catalytic activity. A structural analysis demonstrated that p66 and p51 subunits mainly interact via three contacts, with a large hydrophobic surface character [8] . These three major interactions occur at the dimer interface, including the fingers subdomain of p51 with the palm of p66, the connection subdomains of both subunits and the thumb subdomain of p51 with the RNase H domain of p66. Specific mutagenesis studies showed that mutating several residues in these regions dramatically reduced the interactions between p51 and p66 subunits, thereby decreasing the heterodimer stability [9] . Another critical region essential for proper RT dimerization contains a hepta leucine-repeat motif from leucine 282 to leucine 310 [10] . This area presents an important role in protein-protein interactions required for dimerization [11] . After site-directed mutagenesis of these leucine residues, Leu289Lys of p66 was unable to dimerize with neither itself nor the wild-type (Leu289Lys of p51).
The loop between -strands 7 and 8 in HIV-1 RT is highly conserved in amino acid sequence [12] . This sequence, "SINNET" (residues 134-139), is relatively conserved in drug-naïve HIV-1 clones/isolates with the exception of Ile135, which is sometimes substituted by threonine or valine. Some structural analyses indicated the presence of a key inter-subunit interaction between the side-chain of Asn136 in p51 and the backbone of residues Pro95 and His96 at the carboxy-terminal end of the 5-strand in p66 [13] . Alanine substitution of Asn136 and of other four amino acids in the 7-8 loop destabilized the heterodimeric RT, reduced the DNA binding ability of the enzyme and significantly decreased viral infectivity [9, 14] .
Several drugs have been studied with the aim to block RT activities such as nucleoside and nucleotide inhibitors (NRTIs) and non-nucleoside inhibitors (NNRTIs), whose RT binding site is specific.
The NRTIs are analogues of the natural nucleosides. In order for them to be activated, they require phosphorylation in the host's cells and, by a competitive mechanism with its binding site, behave as chain terminators. To exert such a mechanism, these inhibitors must have a free hydroxyl group in 3' position [15] . Subsequently they are converted in triphosphate derivatives by a cellular thymidine kinase, which activates them to block the natural dNTPs binding to DNA [16] . In contrast, the nucleotide-RTIs, such as adefovir and tenofovir, already possess a phosphonate group and, therefore, only need two phosphorylation steps to be converted to the active metabolites [17] .
The polymerase activity of the catalytic triad can be significantly influenced by conformational changes that occur in an allosteric site known as NNRTI binding pocket (NNRTI-BP). This site is located between the 6-10-9 and 12-13-14 sheets in the palm subdomain of the p66 subunit. It shows a largely hydrophobic nature with substantial aromatic character (Tyr181, Tyr188, Phe227, Trp229, and Tyr232), but it is also surrounded by several hydrophilic residues (Lys101, Lys103, Ser105, Asp192, and Glu224 of the p66 subunit and Glu138 of the 7-8 loop of the p51 subunit).
Residues Leu100, Lys101, Lys103, Val179, and Tyr181 of the p66 subunit and Glu138 of the p51 subunit define a putative solvent accessible entrance to the NNRTI-BP placed at the heterodimer interface [18] . Structural studies of HIV-1 RT demonstrate that the binding of an NNRTI causes both short-range and long-range distortions of the enzyme. The short-range distortions consist of some conformational changes of the amino acids and/or structural elements that form the NNRTI-BP, such as the re-orientation of the Tyr181 and Tyr188 side chains and the displacement of the 12-13-14 sheet. The long-range distortions involve a displacement of the p66 connection, the RNase H domain, and the p51 subunit with respect to the polymerase active site [18] . There are two interesting aspects of the NNRTI-BP: a) its location close to the subunit-subunit interface b) the pocket entrance composed by residues from the p66 (Leu100, Lys101, Lys103, Val179 and Tyr181) and the p51 (Glu138) subunits that also form part of the RT dimer interface.
NNRTIs can be classified into more than 30 structurally different groups of compounds. They can be divided into first-or second-generation compounds [19] . The first generation NNRTIs, such as nevirapine, delavirdine, TIBO and loviride were mainly discovered by random screening and are associated with the rapid development of drug resistance mutations. Molecular modeling strategies, rationale-based drug synthesis and biological and pharmacokinetic evaluations allowed to identify other first generation NNRTIs, which include efavirenz, the quinoxaline talviraline and the imidazole capravirine. These NNRTIs show an high potency, and in general are more active against a broader spectrum of drug-resistant strains of HIV-1 [20] . Finally, second generation NNRTIs, such as TMC-125 (etravirine), TMC-278, IDX899, RDEA806, have been designed to be active against the most relevant resistance mutations that develop after failure of efavirenz or nevirapine treatment and are drugs with high genetic barrier to resistance [21] . In particular etravirine is an highly flexible compound active against HIV-1 strains resistant to current NNRTIs and has confirmed its efficacy in controlled trials with treatment-experienced patients (DUET studies) [22] .
The identification of NNRTI common pharmacophore features is critical for the interaction with RT NNRTI-BP. Some structural data is available [23] and highlights an aromatic ring capable of -stacking interactions, NH-C=O or NH-C=S groups able to participate in hydrogen bonding, and one or more hydrocarbon-rich regions involved in hydrophobic contacts.
HIV-1 RT possesses the intrinsic property to lack proofreading function, in contrast to other DNA polymerases. New viral variants are always generated due to RT errorprone nature, together with the high rate of virus production sustained by HIV-1 infection in vivo.
Drug pressure is responsible to dramatically increase such an intrinsic variability, with the final development of mutations, especially in the pol region encoding both RT and protease (PR) enzymes. Drug resistance is the major problem affecting the clinical efficacy of antiretroviral agents. Resistance is the consequence of mutations that emerge in the viral proteins targeted by antiretroviral agents and viral replication is poorly controlled due to the transmission of drugresistant strains [24] . The combination of antiretroviral drugs used for the treatment of HIV infection is known as highly active antiretroviral therapy (HAART) and its regimens generally comprise three antiretroviral drugs, usually two NRTIs and either PR inhibitors or a NNRTI drug. Resistance to nucleoside and nucleotide analogues is based on two distinct mechanisms: a) incorporation impairment of the analogue into DNA; b) removal of the analogue from the prematurely terminated DNA chain.
The incorporation of a nucleoside analogue into drugsensitive viruses results in the termination of the viral DNA chain. Mutations in drug-resistant viruses prevent the incorporation of the nucleoside analogue into the growing viral DNA chain. Removal of the nucleoside analogue from the terminated DNA chain is associated with a group of mutations commonly defined "thymidine analogue mutations" (TAMs). These mutations frequently emerge after the failure of drug combinations including thymidine analogues, such as zidovudine and stavudine. However they can promote resistance to almost all nucleoside analogues. These substitutions promote resistance by ATP-or pyrophosphate-mediated removal of nucleoside analogues from the 3' end of the terminated strand [24] . Resistance associated to the failure of treatment with NNRTIs is caused by several mutations located in the hydrophobic pocket (NNRTI-BP) targeted by these compounds. These mutations are drug-dependent and reduce the affinity of the drug, allowing DNA polymerization to proceed normally [25] .
Although HIV-1, due to its high replication and mutation rate, shows resistance to the currently available drugs, several regions are highly conserved even under pharmacological pressure. Several HIV-1 RT residues were found to be highly conserved, highlighting their crucial role in protein stability, heterodimerization step, template-primer binding and catalytic activity [12] . Moreover the RT has been recently crystallized in the presence of several antiretroviral drugs and a large number of HIV-1 RT structural models are deposited into the Protein Data Bank (PDB) [26] .
Recently we have proposed a new computational method [27] for designing pharmacophore models starting from detailed macromolecular structures, such as those obtained by crystallographic measurements. The method, called GBPM (GRID Based Pharmacophore Model), is based on the well known computational approach [28] developed by Prof. Goodford in the early '80 and implemented in the GRID software [29] . The GBPM has been successfully applied in studying supramolecular complexes of different chemical nature [27] .
In this review we have analyzed RT crystallographic models by our innovative computational approach GBPM and applied it to clinically relevant enzyme conserved residues found in a large cohort of HAART treated patients. Such an approach, in agreement with clinical results, could allow to design new pharmacophoric models helpful in the drug discovery of more effective anti-RT inhibitors with more favorable resistance profiles.
THE GBPM METHOD
The GBPM method was developed with the aim to generate pharmacophore models useful for QSAR and virtual screening experiments by means of an unbiased computational protocol. The protein-protein interactions were the first case studies considered by this method, but other unpublished applications have been successfully tested in our laboratory and will be the subject of future publications. In this manuscript we report a new GBPM experience carried out to link structural information of the HIV-1 RT available from the PDB with mutational analysis based on clinical data. The GBPM identification of conserved regions in relevant macromolecules, such as the HIV-1 RT, can be another future study aimed at rational drug design of novel therapeutic agents.
The GRID-based pharmacophore model is created in a 6-step procedure, as shown in Fig. (1) [27] . The first one performs the PDB file pre-treatment producing three different model structures: the complex (subunits + ), the receptor (subunit ) and the ligand (subunit ).
The second step calculates the GRID molecular interaction fields (MIF) [28] with a certain probe onto the three targets above reported.
In the third step an energy comparison of the MIFs is performed by the GRID GRAB utility [28] , generating maps with focused information on the interaction areas. The fourth step is related to the identification of most relevant interaction points. With the aim to get a suitable model, these operations should be repeated using at least three different probes: a generic hydrophobic (DRY), an hydrogen bond acceptor (O) and an hydrogen bond donor (N1).
In the fifth step the information obtained from the different probes are unified into a preliminary pharmacophore model.
We carried out the GBPM analysis up to the fifth step of the procedure, in order to compare it with the clinical data and to highlight the most involved residues in the recognition areas.
Fig. (1).
Flow chart of the six steps of the GBPM method [29] .
CLINICAL SEQUENCES ANALYSIS
The analysis included a large number of HIV-1 RT sequences, ranging between a minimum of 221 sequences (with full-length ORF, 560 amino acids) to a maximum of 5576 sequences (with partial RT coverage), derived from unique isolates of HAART treated patients. For the analysis of residues 1-320, the sequences were extracted from the public Stanford Database [30] , whereas for the analysis of regions including thumb, connection and RT/RNase-H subdomains (321-560 residues) the sequences were retrieved both from our laboratory (Tor Vergata University) and Stanford database. The number of the available sequences, analyzed at each RT position, showed these distributions: Pro1-Thr240 amino acids, minimum 4437 maximum 5576 sequences; Val241-Glu300 amino acids, minimum 2551 maximum 4459 sequences; Leu301-Asp320 amino acids, minimum 927 maximum 2099 sequences; Pro321-Gln480 amino acids, minimum 517 maximum 960 sequences; Ala481-Leu560 amino acids, minimum 211 maximum 510 sequences. Consensus B was used as a reference strain for the definition of mutations [31] . All RT sequences were obtained from HIV-1 B infected patients exposed to at least 1-7 NRTIs (among zidovudine, didanosine, zalcitabine, lamivudine, stavudine, abacavir, tenofovir), and 0-3 NNRTIs (among nevirapine, delavirdine, efavirenz).
Sequences having a mixture of wild-type and mutated residues at single positions were considered to have a mutation at that position. When the mixture contained two different mutations, both were considered and reported.
PDB MODELS SELECTION
All RT crystallographic models were downloaded from Protein Data Bank internet site [26] . In order to carry out the superimposition of different PDB models, we used the Maestro program [32] and we calculated the root mean square deviations (RMSD) using both the backbone and thecarbon atoms. The crystallographic structures were selected considering the resolution of the models and classified on the basis of nucleic acid presence. We chose all PDB models with a maximum resolution value of 3.0 Å and we excluded those crystals that, compared with RT wild type, showed a large number of deletions and mutations.
The structural analysis was carried out using 96 HIV-1 RT crystallographic models, as reported in Table 1 .
The PDB models with the codes 1bqm, 1bqn, 1j5o, 1uwb, 2i5y, 1t03, 1n5y, 1rtd, 1hvu and 1hmv were excluded due to their poor resolution.
Starting from all the available models, we selected 31 PDB structures with a number of deletions lower than 15 on the p66 subunit of which some were co-crystallized with different ligands ( Table 2) .
Crystals 1hnv and 1tvr were complexed with the same NNRTI 8 (TIBO) and presented the same resolution and number of deletions. Thus the model chosen (1hnv) had the lowest number of mutations. With respect to the PDB models that were co-crystallized with 10 (nevirapine), the choice of 1s1x was justified since it had a better resolution than 1jlb.
Similarly we have proceeded for the models with 5 (NNRTI HBY), by selecting the best in resolution, i.e. 1hqu and discarding 2ic3.
Among the identified models, some PDB were complexed with a class of NNRTIs (ligands 15, 7 and 6 possessing the same structural scaffold (JANSSEN-R) but different moieties, so we considered the three models (2b5j, 1sv5 and 1s9e) with the best resolution, as examples of this class of drugs.
As far as the unbound enzyme is concerned we included in our study the models with codes 1dlo, 1hqe and 1qe1 for a better resolution relative to the model 1hpz.
After the PDB selection step driven by the resolution, the number of deletions and mutations, we have divided our models into three groups characterized by similar RT folding properties ( Table 3) . They are respectively related to unbound enzyme models (first group), RT complexes with nucleic acid template (second group) and models cocrystallized with NNRTI drugs (third group).
In order to find out the most significant subunit interface interactions for p66-p51, only the protein residues of 20 PDB models were considered in this analysis.
With the aim to observe RT conformational changes as a result of ligand binding, the RMSD analysis was performed with all PDB superimposed models. The maximum value In order to analyze the residues of the NNRTI-BP responsible for the interactions with the drug, the method was applied to 13 crystallographic models where RT was complexed with different inhibitors.
With the aim to select the most involved residues in the recognition step, we applied a geometric criterion using a maximum distance equal to 10 Å from the three analyzed groups' guest (drug, DNA or HIV-1 RT subunit). They were then compared to the identified conserved amino acids for statistical analysis.
The selection and classification of the crystallographic models for the computational study was performed taking into account two different aspects.
The first one was related to the completeness of the available crystallographic models, i.e. number of mutations and deletions with respect to the wild type (WT) sequence.
The second aspect considered was the conformational effect onto the RT. In reality, due to the great heterogeneity of the available co-crystallized PDB models, the enzyme is conformationally sensitive to the presence of nucleic acids and ligands, i.e. inhibitors. So we decided to divide our training set into three sections: a) the unbound enzyme models; b) the RT structures with nucleic acid templates; c) co-crystals of RT and antiretroviral non-nucleoside agents (NNRTI).
In this study GBPM analysis was applied the to the three identified groups of HIV-1 reverse transcriptase models.
In the first analysis, since both subunits of the enzyme are proteins, p66 was considered the host (subunit ) and p51 the guest (subunit ) and vice versa ( Fig. 2A) .
In the second case, (Fig. 2B) , in order to find out the RT residues that mostly interact with the nucleic acid, RTtemplate complex was used as complex (subunits + ), the unbound enzyme was the host (subunit ) and the nucleic acid the guest (subunit ).
In the third analysis (Fig. 3) , GBPM procedure was applied to the RT PDB models where the enzyme was complexing different NNRTIs. This study identified the RT residues of the NNRTI binding pocket (NNRTI-BP) able to well recognize the inhibitor.
In order to evaluate the reliability of our approach, a statistical analysis was performed to estimate the degree of conservation for the identified residues with respect to the studied target and the reproducibility of the clinical data.
In the following paragraphs, the three main RT crystallographic groups previously classified will be discussed in detail.
COMPUTATIONAL ANALYSIS
The GBPM method has been described in a recent publication [27] . In the GRID calculations the lone pairs, the tautomeric hydrogen atoms and torsion angles, relative to the sp 3 oxygen atoms and the amide atoms, have been allowed to be settled on the basis of the probe influence, while the coordinates of all the other atoms have been considered rigid (directive MOVE = 0). Default values have been used for the other parameters.
All calculations were performed by a Linux cluster of 8 Intel Xeon dual-processors at 3.2 GHz with 2Gb of RAM. Graphic manipulations and RMSD analyses were carried out by the Maestro Graphical User Interface ver 4.1.012 for Linux operating systems [32] . All 3D figures were obtained using PyMOL graphics and modelling package ver 0.98 [33] .
RESULTS AND DISCUSSION

RT Sequence of Clinical Samples
The present study analyzed for the first time the conserved amino acid positions of the complete RT enzyme sequence, by considering all palm, fingers, thumb, connection and RNase-H subdomains. The sequences were obtained Fig. (2) . Examples of GBPM generated maps (solid yellow surfaces) using the DRY probes at: (A) the p66 (blue cartoon) / p51 (magenta cartoon) dimerization interface and (B) the RT-nucleic acid (gray model) protein (blue cartoon) contact area, respectively obtained with PDB models 2iaj and 2hmi. from a large number of HIV-1 B infected patients (>5500 individuals), all treated with at least one RT inhibitor.
One of our previous studies already characterized the conservation of RT N-terminal domains in vivo, analyzing the first 320 amino acids of 2236 RT plasma-derived samples from a well-defined Italian cohort of 1704 HIV-1 infected individuals (457 drug-naïve and 1247 drug-treated) [12] . In naïve patients, 233 out of these 320 residues (73%) were conserved (<1% variability). In patients treated with RT inhibitors, despite the significant drug pressure and the appearance of mutations primarily associated with resistance, 202 amino acids (63%) remained highly conserved, and appeared mostly distributed in regions of variable length [12] . Similarly, another recent study examined approximately 550 RT C-terminal sequences (residues 298-560, in the connection and RNase-H subdomains), in both drug-naïve and NRTI-experienced patients infected with different HIV-1 subtypes [34] . In this study, the sequences were retrieved from both Brazilian clinical viral isolates and public HIV sequence databases. It has been shown that one third of invariable sites was common to both groups of patients. Moreover, the 61% of conservation in the sequences of NRTI-experienced patients was observed.
Amino acids not mutated or mutated with a prevalence <1% were defined as conserved. HIV-1 RT depictions (Fig.  4) were colored according to mutation frequency rate, so that blue corresponds to highly conserved residues (variability in <1% of patients), cyan to residues mutated only in 1-5% of patients, green to amino acids mutated in 5-10% of patients, yellow to residues mutated in 10-25% of patients, and red to amino acids that appear mutated in >25% of patients.
The current analysis of sequences, retrieved both from the public Stanford Database and our laboratory, showed that 338 out of 560 RT residues (60.4%) were conserved ( 1% variability). Considering the first 320 amino acids of RT, the conservation is about 63.4%; such a value exactly corresponds to our previous observation [12] . The remaining Cterminal residues (321-560) highlight a conservation of 56.5%. The RNase-H subdomain (codons 441-560) shows a lower level of conservation (54.2%) in comparison to the whole protein and to other regions such as the connection subdomain (codons 298-440, 59 .2% of conservation), or the thumb subdomain (codons 238-318, 62.96% of conservation).
Several invariant residues clustered into large defined regions containing functionally important residues, scattered throughout different areas of the viral protein (Fig. 4) . The ten longest invariant areas, comprising between 7 and 20 consecutive invariant amino acids, were:
These areas are located in the following RT domains: I, III and IV in the fingers subdomain, II in the palm, V and VI in the thumb, VII, VIII and IX in the connection and finally the area X in the RNase-H domain.
The areas VIII and IX are separated by only one residue, Phe416, which shows a low variability (<5%) suggesting that this large area of 25 amino acids should have an important function. Interestingly, the areas I, II, III, IV, V and VI were found invariant already in our previous work [12] , and, similarly the areas VIII and IX were found invariant in the Brazilian study [34] .
In addition to the ten large highly conserved described areas, other invariant residues were scattered throughout the sequence either individually or in small stretches of four to six amino acids: Thr7-Val10, Lys22-Leu26, Asn54-Pro59, Arg78-Lys82, Thr84-Glu89, Leu109-Ala114 (including the catalytic Asp110), Gly152-Pro157, Ser191-Ile195, Trp239-Gln242, Glu305-Leu310, Pro313-Gly316, His361-Asp364, Tyr441-Ala445, Thr472-Gln475, Gly541-Glu546.
Heterodimer Interface Area Analysis
GBPM method was applied onto 20 HIV-1 RT crystallographic models not complexed to inhibitors ( Table 3) . The aim was to identify residues mainly involved in heterodimer stabilization. We always adopted the DRY, N1 and O probes mimicking the hydrophobic, the hydrogen bond donor and acceptor, respectively.
The first conserved RT area (Leu12-Pro19), whose functional role is still uncharacterized, was well recognized in both p66 and p51 subunits by all used probes (Supplementary Material Fig. S1A ). (Fig.  5A) , located onto the 5a strand. Such a residue was already found to be relevant in hydrophobic contacts at the dimer interface, emphasizing its pivotal role in primer/template binding [35] . Trp88 is able to establish interactions with Arg143 of p51, which is strongly recognized by O probe when p51 subunit was the host and considered important for the stability of the entire protein (data not shown).
DRY MIFs highlighted the aromatic residue Trp88
Also the second conserved RT area (Gln91-Pro97) was identified by our computational study. By analyzing the O probe MIFs (Supplementary Material Fig. S1B) , two residues of p66, Pro95 and His96, mainly involved in interactions with the 7-8 loop (Pro133-Pro140), were found to be crucial in stabilizing the RT heterodimeric form. This observation can be explained by the ability of these residues to produce hydrogen bonds (p66 His96/p51 Asn136) [13] .
The area defined by RT residues Phe124-Ser134 (area III), located in the fingers subdomain, was well recognized when p51 was the host (Supplementary Material Fig. S2A) . Notably the invariant Phe130 is involved in protein stability. In fact, although more exposed, all Phe130 side-chain atoms establish van der Waals contacts with carbon atoms of other hydrophobic side chains of the p66 subunit, contributing to the overall stability of RT [36] .
The fourth conserved area, placed in the palm subdomain, was identified using p66 as host. In particular Ser156, a functional residue that is conserved but buried, resulted well defined by O and N1 probes, emphasizing its indirect role in RT function for determining the proper conformation of the 8-E loop in the p66 subunit (Supplementary Material Fig. S2B ) [36] .
Among all conserved amino acids identified by the DRY probe, Gln182 and Tyr183 were highlighted (Supplementary Material Fig. S3) , confirming their productive role in RT polymerase activity [6, 37] . Tyr183, which is part of the Tyr183-Met184-Asp185-Asp186 (YMDD) motif, was found to be pivotal in the catalytic process, due to its hydrophobic interactions with the primer strand and its hydrogen bond with the nucleic acid cytosine O2 atom. The mutation of Tyr183, well indicated by DRY probe, with non aromatic residues induces a remarkable decrease of the polymerase activity, confirming its contribution in hydrophobic interactions [38] .
The heterodimerization is a two-step process. The first one involves a concentration-dependent association of the two subunits, followed by a slow isomerization/maturation step that involves p51 fingers and thumb interactions with the palm and RNase H of p66, respectively. Specifically, residues Pro52-Pro55 and Ile135-Pro140 of the p51 fingers appear to interact with residues Gln85-His96 of the p66 palm, while residues Cys280-Leu295 of the p51 thumb subdomain appear to contact residues Val536-Asn545 of RNase H. In the first step of RT dimerization p51 and p66 hydrophobic interactions have been found to be crucial. This well conserved motif is believed to include residues Trp401-Trp410 of p66 and Pro392-Trp401 of p51. The typical connection subdomain has six tryptophan residues and a tyrosine between amino acid residues Trp398-Trp414 [9] .
The conserved residues Pro52-Pro55 of p51 subunit resulted well identified by all probes (Supplementary Material Fig. S4A ), according to their pivotal role in interactions to the p66 thumb subdomain. In fact, the opposite highly conserved sequence Gln85-Gly93, located in the template grip of the palm subdomain, was well recognized by all used probes (Supplementary Material Fig. S4B) . This is in agreement with their essential role in interactions with the DNA sugar-phosphate backbone of the template strand [12] and in contacts with the p51 fingers [9] .
Due to its ability to donate/accept hydrogen bonds, 7-8 loop of p51 was well mapped, in particular by using the N1 probe, that is able to well recognize residues Asn136, Asn137, Glu138, Thr139 and Pro140. These p51 residues are able to make contacts with p66, as confirmed by site-specific mutagenesis studies [13] . Asn136 of p51 is able to establish hydrogen bonds with His96 and Pro95 of p66 and this interaction was detected by the opposite probe properties when each subunit was considered as host. As shown in Fig. (5B), Asn136 was well recognized by N1 probe using p51 as host. This can be considered as a typical complementary example between subunits and opposite probes, because it is related to the same previously reported interaction found with the O probe using p66 as host (Supplementary Material Fig. S1B ).
The 7-8 loop of p51 was found to interact with other residues of p66, such as Tyr181, Gln182 and Tyr183, essential for RT polymerase activity and for the formation of the NNRTI binding pocket [39, 40] .
No matter is the host or the guest, DRY MIFs always identified a large hydrophobic area defined "tryptophan rich motif", consisting of six tryptophan residues placed at codons 398, 401, 402, 406, 410 and 414, crucial in RT dimerization [9] . GBPM recognized five of six tryptophan residues, including the two pivotal Trp401 and Trp414 of p66 subunit, that, if mutated, cause the loss of RT activity (Fig. 6) .
The perfect mapping result obtained with Trp401 of p51 is displayed in the Supplementary Material Fig. S5. A second area involved in heterodimer formation, crucial in protein-protein interactions, was represented by a repeating motif of eight leucine residues (282-310). Leu289 of p51 resulted well recognized by DRY probe (Supplementary Material Fig. S6 ) through an hydrophobic interaction with Phe61 of p66 and was found to be essential for the stability of the single subunits [41] .
Located on the RNase H domain of the enzyme, the two conserved glutamic residues at position 432 and 438 were identified by the N1 probe (Supplementary Material Fig.  S7A) . Their mutation impaired the in vivo p66 processing. Glu438 especially has been reported to play a major role in proper heterodimerization and function of virion-associated RT [42] . Polymerase and RNase H activities are also assured by two pivotal proline residues of the p51 subunit, Pro25 and Pro52 [2, 4] , well highlighted by the hydrophobic probe (Supplementary Material Figs. S7B and S4A) .
The largest conserved area defined by RT amino acids Trp252-Tyr271 (area VI) was fully identified by all adopted probes using p51 as host. Part of the thumb subdomain, the H region (Val254 to Ser268) is in contact with the RNase H domain of p66, suggesting a remarkable contribution of this region to the heterodimer stabilization [12] . GBPM analysis agreed as to the important role played by conserved residues Asn255, Gln258, Lys259, Val261, Gly262 and Asn265, well recognized by all probes. In particular O maps put in evidence the highly conserved residue Asn255 [3] . As reported in Supplementary Material Fig. S8A , Asn255 of p51, mapped by carbonylic oxygen, was close to Glu432 of p66, well identified by N1 (Supplementary Material Fig. S7A) , confirming the map complementarities.
Always located on the thumb subdomain of p51, residues Cys280, Gly285, Lys287, Leu289 and Thr290 were well recognized by two probes (Supplementary Material Fig.  S8B ), in agreement with their ability to establish favourable interactions with residues Val536, Pro537, His539 and Gly541-Asn545 of RNase H region [9] .
Visual inspection of N1 and O MIFs with most of the analyzed PDB models indicated that Lys331 is statistically significant as a "single residue" in pattern interaction (data not shown). This amino acid contributes to RT heterodimerization through hydrogen bonds with the backbone of residues Trp402, Tyr405 and Gln407 of p66, according to the recent mutagenesis analysis showing that mutations at this codon can negatively influence the dimerization step [43] .
Also the slightly variable Lys395 and Glu396, located into the connection subdomain, resulted essential for primertemplate binding due to hydrogen bonding interactions. Both residues are referred to the RNase H primer grip and lie either in the p51 or p66 subunit of RT. In vivo and in vitro studies of the RNase H primer grip indicate that these residues are important for the proper binding and positioning of the nucleic acid to RT. Lys395, well recognized by the N1 probe, resulted crucial to form hydrogen bonds and other interactions to the primer strand; in fact its substitutions strongly reduced the viral replicative capability with respect to the WT.
According to mutagenesis data, Glu396 was well mapped by N1 and O probes (Supplementary Material Fig. S9) , suggesting that single Glu396Ala mutation causes HIV-1 polymerase failure [43] .
Mutational analysis of HIV-1 reverse transcriptase revealed two adjacent residues of p51 subunit located at positions 419 and 420 as crucial for RT folding and activity. It was observed that the double mutant 419/420 was associated to the loss of RNase H activity, because these mutations are positioned close to the critical "hinge" region, connecting the putative DNA polymerase and the RNase H domains [44] . In agreement with these experimental data, both highly conserved residues resulted well identified by DRY and N1 probes (Supplementary Material Fig. S10) , confirming their pivotal role in the interactions to the "tryptophan rich motif" of p66 subunit and to the hydrophobic amino acids Leu503 and Trp535 placed at the dimer interface.
The large conserved region located into the RNase H domain (area X Val493-Ala502) was well identified by all used probes. In particular amino acids Asp498, Ser499, His539, Asn545 and Asp549, known to comprise the RNase H catalytic site, were highlighted [34] .
Part of the RNase primer grip, the slightly variable Ile505 resulted well recognized by DRY probe, according to its pivotal role in DNA primer strand positioning near the active site and setting the proper trajectory for the RNA/DNA hybrid incoming (Supplementary Material Fig. S11A ) [45] .
Moreover Gln500 and His539, involved respectively in ribose and phosphate contacts to the RNA primer [46] , were well recognized by DRY probe (Supplementary Material  Fig. S11B) . It was demonstrated that His539Asn mutation is responsible for the reduction of RNase H activity and for the increase in zidovudine (2) resistance with respect to the WT due to a limited RNA degradation. Consequently there was an increase of the time for 2-monophosphate to be excised from the terminated primer and for polymerization to resume on an intact template [47] .
RT-DNA Complexes Analysis
In order to evaluate the most involved interaction areas between RT and nucleic acid templates, the GBPM method was applied to five complexed RT-template PDB models (Table 4) using the same probes of the first analysis and taking into account the hydrophilic nature of the nucleic acid.
In this analysis GBPM maps identified several isolated residues mostly involved in interactions with the nucleic acid, such as Trp24, Pro25, Phe61, Ile63, Asp76, Arg78, Ser105-Ser117, Tyr183, Asp185, Asp186, Cys280, Gly285, Leu289, His361 and Arg448.
The DNA recognition showed the p66 conserved areas II, IV, V, VI, VII and X; in the p51 subunit the only identified conserved region was the eighth.
Some of these amino acids were well recognized within the minor groove of DNA, as reported in Fig. (7A) . Located on the fingers subdomain of p51, the aromatic amino acids Trp24 and Phe61, involved in RT stabilization, were well defined by DRY probe (Supplementary Material  Fig. S12A ). This provides evidence for their role in hydrophobic interactions and in fact selective mutation of these residues to a glycine dramatically alters the stability of the RT-heterodimer [48] .
Placed on p66 fingers subdomain, amino acids Asp76 and Arg78 were well recognized using the N1 probe (Supplementary Material Fig. S12B ), according to their important role in polymerase activity [12] .
DRY mapping also allowed to identify the conserved Trp229 (area V), shared by the NNRTI binding pocket (NNRTI-BP) and by the primer grip region ( Supplementary  Material Fig. S13) . Mutagenesis studies confirmed the crucial role of Trp229 aromatic ring for RT activity, correct folding of the protein and NNRTI-BP formation [49] .
Well defined by the hydrogen bonds donor probe N1 (data not shown), residues Gln91-Ile94 were recognized within the template grip region. Their importance in positioning the template strand near the polymerase active site has been reported in the literature [50] . In particular, located in the palm subdomain of the p66 subunit, the highly conserved Ile94 was well recognized by all used probes, suggesting its relevance in interacting with the 2'-OH of RNA strand [51] .
In the area from Gly152 to Pro157, the conserved residues 152-155 were well recognized by N1 probe (Supplementary Material Fig. S14 ). Gly152-Gly155 have an essential role in DNA interactions and RNA hydrogen bonding network [51] . In particular Trp153 is located next to the conserved Leu149-Pro150-Gln151-Gly152 (LPQG) motif, at the juncture of the palm and fingers subdomains. Ala substitutions at this codon substantially hindered the polymerase function of the enzyme, impacting the geometry of the dNTP binding pocket [52] . Pro157, that constitutes the N-terminus of the E of the palm subdomain, was found to be pivotal in maintaining the structural integrity of 8-E connecting loop and the appropriate conformation of the template grip [53] . Asp110, Tyr183, Asp185 and Asp186 were well defined by the DRY and N1 probes (Supplementary Material Fig.  S15) , according to the crucial interactions of these amino acids with DNA phosphates and nucleotide bases. In fact the aspartic residues side chains establish hydrogen bonds with the 3' hydroxyl group, facilitating the nucleophilic attack during the polymerization step. On the other hand Tyr183 was found to be pivotal in the catalytic process, due to its ability to establish hydrophobic interactions with the primer strand [38] .
YMDD motif conformation is highly influenced by the structure of the primer grip region, formed by 12-13 sheets in the p66 palm subdomain, which is in close proximity to nucleotides at the 3' terminus. This structural element is involved in template translocation. Mutagenesis experiments demonstrated that substitution of alanine residues in p66 12-13 hairpin (Trp229, Met230, Gly231 and Tyr232) alters both DNA polymerase and RNase H activities [6] . GBPM maps highlighted the importance of the nucleic acid interactions with Met230 and Gly231 (Supplementary Material Fig. S16A ). Other studies showed that mutations of Tyr232, well recognized by the N1 probe, induce an incorrect RNase H cleavage due to the crucial role of this aromatic amino acid in -interactions with the template primer and in DNA-dependent DNA polymerase function (Supplementary Material Fig. S16B ) [54] .
Located on the polymerase domain of the thumb subdomain (area VI), residues Gln258, Lys259, Gly262 and Lys263 were well recognized in all maps ( Supplementary  Material Fig. S17) . It has been shown by alanine-scanning mutagenesis that these amino acids, that are part of the helix clamp, resulted critical for template-primer affinity [55] .
Actually cross-linking of DNA to a Gln258Cys mutated RT in both subunits decreased the stability of the complex and caused the dissociation of the p51 subunit from the cross-linked p66-DNA complex; this event is due to the disruption of the interactions between p51 Gln258 side chain (thumb subdomain) and the RNase H subdomain [56] .
Further site-specific mutagenesis studies demonstrated that some amino acids of the sixth area, such as Asn255 and Trp266, highly conserved in treated patients [12] , resulted essential for enzyme stability and catalytic activity [57] . These residues, located in p66 conserved regions, were found to interact with DNA terminal sequence in the minor groove by means of hydrophobic contacts. This finding is in agreement with our structural data, thus validating the reliability of the GBPM method and underlining Trp266 relevance in interactions with the primer-template. This residue, whose pivotal role was confirmed by mutagenesis analyses, was well indicated by DRY probe (Fig. 7B) and is part of the Minor Groove Binding Track (MGBT) region, crucial to establish contacts with the DNA in the minor groove. The loss of these interactions is associated with a remarkable decreasing in DNA binding affinity and in frame shift process [57] .
Located at the connection subdomain, two highly conserved residues of the p51 subunit, His361 and Thr362, can interact with the phosphate backbone of the DNA primer strand near to RNase H cleavage site. A mutagenesis analysis demonstrated that most of the mutations in the connection domain have relatively small effects on the virus titer; however the His361Ala and Thr362Ala substitutions decreased the titer with respect to the WT virus. Moreover the His361Ala mutation also had a significant effect on RNase H cleavage, due to the histidine interactions with the nucleic acid through the p66 subunit [7] . In agreement with these data, both His and Thr analyzed residues were well recognized by N1 probe, confirming their ability to establish hydrogen bonds with the template (Supplementary Material  Fig. S18) .
The RNase H domain is folded into a mixed 5-stranded -sheet flanked by 4 asymmetric -helices; the strong structure conservation suggests that this region is very stable. The well recognized and crucial Asp498 residue is located in the active site and is implicated in catalysis. Replacement of this residue generates an unstable enzyme [44] .
In this same subdomain, Arg448 and Gln500, responsible to establish crucial interactions with base, sugar and phos-phates of RNA primer [34] , were well recognized in all obtained maps.
RNase H primer grip residues Thr473-Lys476, Tyr501 and Ile505 were identified by all used probes (data not shown), in agreement with some mutagenesis data regarding their essential role in polymerization-independent RNase H activity, dimerization and DNA strand transfer [58] .
NNRTI Binding Pocket Analysis
GBPM approach was finally applied to the 13 selected RT models co-crystallized with non-nucleoside drugs ( Table  5) . In all analyzed models, the most involved residues in NNRTI-BP recognition resulted: Ile94-Pro97 (area II), Gly99-Leu109, Val179, Ile180, Tyr181, Gln182, Tyr183, Asp186-Val189, Gly190, Ser191, Pro225, Phe227, Trp229-Trp237 (area V), Tyr318-Pro321 of the p66 subunit and the 7-8 loop of the p51 subunit. Most of these amino acids are reported in a recent manuscript showing the binding pocket for the new NNRTI CP-94,707 [59] and the RT residues mainly involved in drug stabilization.
Previous conservation studies highlighted the crucial role of residues Pro95, Tyr181, Phe227, Trp229, Leu234 (Fig. 8) and Tyr318 (Supplementary Material Fig. S19 ) in catalytic activity after pharmacological treatment with NNRTIs [12] .
The first RT conserved area was well defined by our computational approach with the DRY recognition of heterocyclic rings and hydrophobic side chains [12] . A site-specific mutagenesis analysis showed that the substitution Pro95Ala involves a drastic decreasing of RT RNA-dependent DNA polymerase function due to the lack of the hydrogen bonding between Pro95 of p66 and Asn137 of p51, with consequent destabilization of the dimerization effect [13] .
Located in the 5b-6 loop of the palm subdomain, the conserved residues Pro97 (Supplementary Material Fig.  S20A ), Gly99 and Ser105 resulted well indicated by DRY, O, and N1 probes (data not shown), respectively, confirming their essential role in polymerase activity and in hydrophobic contacts with NNRTIs [60, 61] .
As reported in literature [18] , Leu100Ile and Val106Ala mutations cause a decreasing of side-chains length and a distortion of the binding pocket region with a complete loss of protein-drug contacts. In agreement with these data, the highly conserved Leu100 and the slightly variable Val106 were well recognized by the DRY probe, emphasizing their crucial role in hydrophobic interactions with NNRTIs (Supplementary Material Fig. S20B ).
Also the variable Lys101 and Lys102 are involved in direct and indirect contacts with non-nucleoside drugs. Actually these inhibitors, through water molecules, are able to establish hydrogen bonds with the Lys101carbonylic group [62] , highlighted in our GBPM models by N1 and O probes (Supplementary Material Fig. S21A) , and to the carbonylic and amide groups of Lys102 [63] , which were all well recognized by N1 probe (Supplementary Material Fig. S21B) .
In an external region of NNRTI-BP is located the highly variable Lys103, responsible to stabilize NNRTI into the pocket through an hydrogen bonding. N1 and O maps agreed with this observation (Supplementary Material Fig. S21A) , even in presence of Lys103Asn mutation, that induces an hydrogen bond between the phenol hydroxyl of Tyr188 and the carboxamide side-chain of Asn103. Consequently this hampers the reorientation of Tyr181 and Tyr188 towards the polymerase active site, thereby increasing the stabilization of the closed-pocket form of this mutant enzyme [18, 64] .
Non-nucleoside drugs, in spite of their structural heterogeneity, have in common a remarkable lipophilic nature and interact with residues Tyr181, Tyr188, Pro225, Phe227, Trp229 and Pro236 through hydrophobic contacts. NNRTI binding to RT causes the side chains of both Tyr181 and Tyr188 to rotate away from their positions by twisting about 30° in the hydrophobic core, thereby creating a space for accommodating the ligand [18] . The hydrophobic interactions stabilize the enzyme-inhibitor complex which takes place on the aromatic side chains of Tyr181 and Tyr188 and the -electron donor groups of the NNRTIs. In agreement with such an observation, these crucial residues were well recognized by DRY mapping (Supplementary Material Fig.  S22A) . Moreover, as reported in literature, the single mutations Tyr181Cys and Tyr188Cys were associated to resistance to first generation NNRTIs, and to nevirapine and efavirenz, respectively, due to the loss of the aromatic ring [20, 65] .
Part of the YMDD motif, the highly conserved Tyr183 was well defined using DRY probe, according to its pivotal role in the interactions to the drugs. In fact some mutagenesis studies showed that Tyr183Ser mutation resulted in a 99% reduction of the polymerase activity, and a subsequent analysis demonstrated that this mutation caused a 77-fold decrease in the affinity for dNTP substrates (Supplementary Material  Fig. S22B ) [66] . More recent data have shown that Tyr183Phe mutation increases the fidelity of HIV-1 RT [38, 67] , and that Tyr183Ala mutant is active on DNA templates but not on RNA templates [68] .
Also the variable Val179 is part of NNRTI-BP and is placed at dimerization interface. This residue is involved in an hydrogen bond with Lys103 and facilitates the incoming NNRTI into the hydrophobic pocket [69] . Analyzing N1 maps, Val179 and Gly190, located in binding pocket -sheet [70] , were well recognized, remarking their relevance in interactions with the drugs (Supplementary Material Fig.  S23A ). Amino acid substitutions at RT codon 190 are frequently selected during HAART regimens and mutagenesis data confirmed that an high-level resistance to nevirapine and moderate resistance to both stavudine and zidovudine are associated with Gly190Ser/Ala/Glu mutations [71] .
Since the NNRTI-binding pocket of HIV-1 RT includes amino acids Leu100-Asp110, Ile180-Gly190 and Lys220-Thr240, mutations in these regions can substantially decrease susceptibility to all NNRTIs [72] . In particular N1 and DRY mappings defined the highly conserved and hydrophobic residues Ile180 and Val189, highlighting their importance in favourable contacts within the NNRTI binding pocket (Supplementary Material Fig. S23B) [12, 60] .
Pro225 is one of the amino acids forming the entrance rim of the hydrophobic NNRTI-BP, and it is highly conserved in the RTs of HIV-1, HIV-2 and simian immunodeficiency virus (SIV) [73] . This amino acid was well recog-nized by DRY probe (Supplementary Material Fig. S24A ) according to its essential role in lipophilic interactions to the drugs. Indeed Pro225His mutation in the recombinant HIV-1 resulted in a 2±6-fold decreases of sensitivity to all NNRTIs tested, except for BHAP U-90152, where a 2±5-fold increase in sensitivity was observed [72] .
Reverse transcriptase residues from Glu224 to His235 are known to be involved in the primer terminus positioning ("primer grip") [74] . The aromatic and conserved amino acids Phe227 and Trp229, well identified by DRY probe, are essential in NNRTI-BP due to their ability to establishstacking interactions to the drugs [59] . Mutagenesis studies confirmed the crucial role of Trp229 aromatic ring for RT activity, correct folding of the protein and NNRTI-BP formation [48] . In the primer grip area, also Leu234 resulted well defined by DRY probe (Supplementary Material Fig. S24B ).
This residue is known to be essential in RT dimerization step as much as the substitution Leu234Ala inhibits p66/p51 association and induces long range conformational changes, consequently altering the NNRTI-BP structure [8] .
Several studies showed that His235 and Pro236, through their heterocyclic rings, result crucial to establish, respectively, hydrophobic interactions and hydrogen bonds to NNRTIs and to stabilize the open conformation of the binding pocket [59, 62] . In agreement with these data, Pro236 resulted well recognized by N1 probe (Supplementary Material Fig. S19 ).
N1 molecular interaction field highlighted the slightly conserved residue Tyr318, known to interact with NNRTI-BP through the phenolic hydroxyl group of its side-chain. Actually recent mutagenesis studies confirmed the pivotal role of this amino acid, whose substitution with a nonaromatic residue causes the lack of RT activity and the development of NNRTI associated resistance [75] .
RT p51 subunit is known to be involved in heterodimer stabilization and in the formation of the hydrophobic pocket at which the NNRTIs are targeted. Also in NNRTI recognition the 7-8 loop was well indicated by all used probes, according to its functional and structural roles in NNRTI-BP stabilization. In particular Glu138, essential for RT sensitivity and resistance to the inhibitory effect of the TSAO derivatives, was well defined by O probe (data not shown) due to its capability to establish hydrogen bonds with the drug [76] .
CONCLUSIONS
In summary, in this review we have reproduced most of the mutational observations using the new GBPM approach. This computational method is outstanding since it was successfully applied to the RT-template, NNRTI recognition and heterodimer stabilization.
In order to obtain a statistical analysis, the most involved residues in the recognition step were selected and compared with respect to the identified conserved amino acids. In the heterodimer analysis we have identified among the conserved reference residues 93% (154 of 166) and 90% (118 of 130), respectively using p66 and p51 as host. In the DNA complexes, GBPM allowed to identify 55 conserved residues out of a possible 74 (74%). Furthermore, the same degree of conservation was also obtained in NNRTI recognition. Finally, the majority of invariant amino acids clustered into defined regions comprising small stretches of four to six amino acids as well as in large areas containing from seven to twenty-nine consecutive residues. This finding suggests that participation of consecutive HIV-1 RT residues in structural domains is strictly required for cooperative functions and sustainable enzyme activity. Asides from confirming the conservation of amino acids that are already known to be important for catalytic activity, stability of the heterodimer interface, and/or primer/template binding, other new invariable residues are now identified and mapped onto the threedimensional structure of the enzyme. These new results could assist in the rational design of new HIV-1 inhibitors with alternative mechanisms of action and more favorable resistance profiles. 
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